Total population size of the chiru (Pantholops hodgsonii), a species endemic to the Tibetan plateau, has undergone a severe decline in the past several decades. This study investigates the genetic variation, evolutionary history, and current population relationships among the 3 main populations of the chiru. Samples from Xinjiang, Xizang (Tibet), and Qinghai provinces in western China were collected and mitochondrial DNA control region sequences were analyzed. Overall nucleotide diversity (p) was 2.18% and thus indicated a relatively high genetic variation. Neutrality tests suggested a significant historical population expansion (Fu's Fs ¼ À28.152), consistent with a population decline and observed pattern of mismatch distribution. Analysis of molecular variance suggested high degrees of gene flow among all the sampled populations, of which the Xinjiang and Xizang populations were revealed to be the most genetically related. It was inferred that calving ground might play a significant role in the course of gene exchange. These results shed light on the population history and current population status of the chiru, and have strong implications for the continued conservation of the species.
The Tibetan antelope or chiru (Pantholops hodgsonii) is endemic to the Tibetan plateau of China and is considered a keystone species for the plateau ecosystem. Large herds of chirus were once observed ranging from the western to eastern Tibetan plateau, with numbers approximating 1 million estimated early in the last century (Wang et al. 1998; Fig. 1) . However, during the past several decades, the population size has undergone drastic decline, resulting in the species being listed as protected in Appendix I of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES 1979) .
On the plateau, chirus are distributed along the southern part of Xinjiang Province and throughout much of Xizang (Tibet) and Qinghai provinces in China (Fig. 1 ). More recently, fragmentation and contraction of the population ranges in Chang Tang County and eastern Qinghai has occurred, and the southern and western margins of the former distribution ranges, such as the Dong Co Valley, are now devoid of chirus (Schaller 1998) . Field investigations during the last decade have estimated the total number as having decreased to as low as 65,000-72,500 for the entire plateau (Schaller 1998) . Such a reduction is primarily considered to be the result of exploitation of the chiru for its fine wool, which is used primarily for weaving the famous ''shahtoosh'' ring shawls. Destruction, modification, and degradation of habitats are usually considered secondary factors. To combat such a decline, the Chinese government established the Arjin Shan, Chang Tang, and Kekexili Nature Reserves. Great efforts have been made by reserve workers to curb the incidence of poaching and to protect the remaining habitats.
Fossil evidence indicates that the chiru has existed on the Tibetan plateau since at least the early Pleistocene. An individual of Pantholops hundesiensis from western Tibet was described as slightly smaller than living P. hodgsonii (Ginsberg et al. 2000) . During the Pleistocene, several glaciers with the consequent climatic and environmental changes prevailed on the Tibetan plateau (Jiao and Shen 2003) . Such factors would have likely had similar severe impacts on the chiru population, as they did on other species such as bears (Ursus arctos- Barnes et al. 2002) , pine martens (Martes martes- Davison et al. 2001) , and painted turtles (Chrysemys picta- Starkey et al. 2003) . These impacts likely included the reduction of ranges, population bottlenecks, and postglacial demographic expansions.
Recent field investigations indicated that chiru ranges are always divided into distinct wintering and calving areas. Females, including adult females and their offspring, migrate north in May and June to the calving grounds to give birth and migrate back in early August to reunite with the males, which tend to stay close to their wintering grounds. In contrast, resident populations make only local movements, but also adopt seasonal sexual segregation during calving seasons (Ginsberg et al. 2000) . Migratory behavior and sexual segregation are therefore considered as significant ecological characteristics of the species. Migration, a significant characteristic of the chiru, is clearly required for successful calving. However, sporadic field observations have reported on the migration of chiru populations and calving grounds. Migratory populations in Xinjiang were observed mainly south of Kun Lun Mountain and on the Aksai Chin plains close to Tibet (Schaller et al. 1991) . Schaller (1998) observed that 1 subpopulation in Xizang migrated to the site of HeiShi Beihu (Blackrock Northlake) bordering on Xinjiang, in proximity to the inferred site of 1 calving ground. Another migratory population from the Chang Tang Reserve was observed seasonally entering the southwestern area of Qinghai Province for calving (Ginsberg et al. 2000) . Therefore, we conclude that gene exchange may likely occur among different populations during migration events. Understanding the degree of gene flow between populations from different localities will facilitate further conservation of the species.
Because chirus are inclined to female-biased dispersal and the mutation rate of mitochondrial DNA (mtDNA) is high, mtDNA is a good marker to reveal female-based connections between populations (Clegg et al.1998; Palsboll et al. 1997; Stanley et al. 1996) . In the present study, variation in the control region of chiru mtDNA was studied to examine levels of genetic diversity, population history, and the degree of gene exchange between chiru populations of different localities. We hope that the results will increase our understanding of the evolutionary history of the chiru and contribute to the protection of the species.
MATERIALS AND METHODS
Sample collection.-Chirus were randomly sampled from 3 main locations ( Fig. 1) : Arjin Shan National Nature Reserve in Xinjiang Province (XJ, n ¼ 19), Chang Tang National Nature Reserve in Xizang Province (XZ, n ¼ 19), and Kekexili National Nature Reserve in Qinghai Province (QH, n ¼ 19). The XJ samples (muscle) were collected from confiscated specimens killed during illegal hunting. Of these, specimens XJ12-XJ19 were sampled from the Tuzi Lake area (a calving ground). The XZ samples (skin) were collected by reserve workers in the Chang Tang Reserve. The QH samples (skin) were from stock seized from poachers by reserve workers. All the samples were separately packed to avoid cross-contamination. Schaller's (1998) investigations of the population ranges of the chiru suggest that the samples collected from the above areas belong to different populations, whose geographic boundaries approximately correspond to the boundaries between different provinces (Ginsberg et al. 2000 ; Fig. 1 ). The procedures in the present study followed guidelines of the American Society of Mammalogists for the capture, handling, and care of mammals (http://www.mammalogy.org/committees/index.asp).
Laboratory procedures.-Genomic DNA was isolated from approximately 30 mg of each sample. Impurities on the surface of the skin samples were 1st removed. All samples were then minced to follow standard extraction procedures (Sambrook et al. 1989 ). These included cell lysis in 1.0% sodium dodecyl sulfate, 0.15 M NaCl, 10 Mm Tris-HCl (pH 8.0), and 1 mM ethylenediaminetetraacetic acid; digestion with proteinase K (300 lg/ml) at 568C overnight; protein extraction with phenol-chloroform; and precipitation in anhydrous ethanol. All products mentioned above were from Sangon (Shanghai, China). The complete mitochondrial control region was then amplified (Saiki et al. 1988 ) from approximately 0.1 lg of double-stranded DNA in a 25-ll-volume reaction mixture containing 1.5 units of Taq DNA polymerase (Takara, Shanghai, China), 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 0.01% bovine serum albumin, 1.5 mM MgCl 2 , 200 lM of each deoxynucleoside triphosphate, and 0.3 lM of each primer. The polymerase chain reaction (PCR) conditions used were initial denaturation at 948C for 5 min, followed by 35 cycles of denaturation at 948C for 1 min, annealing at 558C for 1 min, extension at 728C for 1 min, and a final extension at 728C for 10 min. The forward (59-AGC CCC ACT ATC AAC ACC-39) and reverse primers (59-ACA TAC TCA TCT AGG CAT TTT CAG-39) were designed, respectively, based on the tRNA-pro and tRNA-Phe consensus sequences for cow (V00654), sheep (NC_001941), and blue whale (X72204). The PCR products were purified by using a PCR purification kit (Sangon), ligated into PMD 18-T vector (Takara), transformed into XL1-blue MRF9 bacteria (Takara), and finally sequenced. DNA sequencing was accomplished in the Global IR 2 DNA Sequencer by using the Acyclo Terminators developed by NEN Company (LI-COR, Lincoln, Nebraska). To ensure the accuracy of the sequences, 2 or 3 clones of each individual were bidirectionally sequenced.
Data analysis.-Sequences were aligned by using the software Clustal W (Thompson et al. 1994) . The alignments of the control region of chiru with the complete D-loop of goat (AF533441) were optimized manually. Analyses of divergence between haplotypes were performed by MEGA Version 2.1 (Kumar et al. 2001 ) by using Kimura's 2-parameter distance (Kimura 1980) . Measures of population genetic parameters such as gene diversity (h) and nucleotide diversity (p-Nei 1987) were estimated with the computer system DnaSP version 3.51 (Rozas and Rozas 1999) .
The statistics used for the neutrality test, including Tajima expansion was detected by the examination of mismatch distribution (Rogers and Harpending 1992; Slatkin and Hudson 1991) , performed by DnaSP (Rozas and Rozas 1999) . A phylogenetic tree assessing the evolutionary relationships of haplotypes was constructed with the neighbor-joining method by using MEGA software (Kumar et al. 2001) . The bootstrap values were obtained from 2,500 pseudoreplicates, and the phylogenetic tree was rooted with the outgroup criterion, by using a goat haplotype as an outgroup.
Population structure was assessed by using an analysis of molecular variance (AMOVA) as implemented in the program Arlequin (Schneider et al. 2000) to determine the extent of hierarchical structure among geographic locations. F ST values and corresponding P values, indicating the extent of differentiation among populations, were estimated, and statistical significance was tested by using 10,000 permutations in Arlequin. Estimates of gene flow (migration: Nm), based on the divergence distribution of haplotypes among populations, were generated from F ST s as Nm ¼ 1/2(1/F ST À 1), where N is the effective population size of females and m is the migration rate of females (Baker et al. 1994; Slatkin 1987) . Sequences obtained in this study were deposited in Genbank (accession numbers AY744081-AY744133).
RESULTS
Sequence data and genetic diversity.-The fragment of the complete control region sequence was 1,067 base pairs long. A total of 174 polymorphic sites (16.3%) defined 53 haplotypes in the 57 samples from the 3 localities. Of the 53 haplotypes, 17, 18, and 18 haplotypes were observed, respectively, within the Xinjiang, Xizang, and Qinghai populations (Table 1) . Most individuals had unique haplotypes. The polymorphic sites included 163 transitions and 8 transversions, and 3 positions contained both a transition and a transversion (sites 200, 358, and 820); no insertions or deletions were observed. The divergence among haplotypes varied from 0.1% to 5.9% and was equivalent to 1-63 substitutions among haplotypes based on the correction introduced by Kimura's 2-parameter distance (Table 2) . On the basis of the high level and pattern of variation, typical of mtDNA, we are confident that none of the sequences is a nuclear mitochondrial pseudogene.
The level of mtDNA diversity varied slightly between populations of different regions. The overall nucleotide diversity (p) of the 57 samples was 2.18% and the highest variation of 2.47% was observed within the Qinghai population. Overall haplotype diversity (h) for the presently studied chiru population was 99.7% (Table 2) . These values indicated relatively high genetic diversity in the surviving chiru populations.
Population history and haplotype relationships.-Tests of neutrality carried out over the entire sample resulted in negative values (Table 3) . Accordingly, mismatch distribution analyses indicated a departure from expectations regarding population stability and neutrality, but conformity to expectations regarding population growth (or departures from neutrality, or both; Fig. 2) .
A neighbor-joining phylogenetic tree containing 53 haplotypes indicates the evolutionary relationships among them (Fig.  3) . The haplotypes were grouped into 2 major clades, A and B, with no evident spatial clustering. The lack of spatial clustering of haplotypes also suggests that there has been widespread population interchange.
Genetic structure and population relationships.-Pairwise F ST statistics showed that no apparent subdivision among the 3 populations was present (Table 4) . Gene flow estimator Nm revealed that the lowest level of gene exchange existed between Xinjiang and Qinghai, 2 geographically closest populations (Table 4) , indicating the lack of correlation between genetic and geographic distances.
In accordance with these observations, AMOVA indicated that a significantly large proportion of genetic variance was found within populations (96.63%), rather than between populations (3.37%). These results clearly indicate that there was no obvious genetic structure among the chiru populations of different localities.
DISCUSSION
Genetic diversity.-The complete d-loop sequence data showed levels of nucleotide diversity (1.87-2.47%) for the Tibetan antelope comparable to that found in other antelope species (0-4.9% in Hippotragus equines- Alpers et al. 2004; 0.42-5.72% in Kobus kob and 1.7% in Kobus vardoniiBirungi and Arctander 2000; 0.5-3.9% for Connochaetes taurinus, 1.3-2.5% for Damaliscus lunatus, and 1.5-5.4% for Alcelaphus buselaphus- Arctander et al. 1999; 0.75-3.66% in Aepyceros melampus-Nersting and Arctander 2001; and 1.5-4.8% in Hippotragus niger- Pitra et al. 2002) . The present investigation based on mtDNA therefore indicates that the chiru populations have retained relatively high genetic variability despite recent severe reduction in population size.
Analysis of population history.-It has been suggested that the chiru has existed on the Tibetan plateau since early in the Pleistocene epoch (Schaller 1998) . During the Pleistocene, several influential glaciers occurred on the Tibetan plateau, (Jiao and Shen 2003) . The prevailing glaciers would have likely had severe impacts on the chiru population, as they apparently had on other species such as U. arctos (Barnes et al. 2002) , M. martes (Davison et al. 2001) , and C. picta (Starkey et al. 2003) . The widespread influences mainly involved the reduction of ranges, perhaps involving population bottlenecks during glacial phases, followed by postglacial colonization and demographic expansion. According to Fu (1997) , a range expansion is indicated by significant Fu's Fs value and nonsignificant F* and D* values, whereas the reverse suggests natural selection. Tajima's D, far less sensitive to range expansion than Fu's Fs (Fu 1997) , is also used to indicate population growth (Tajima 1989; Zink et al. 2001) . The pattern observed in the presently studied chiru population (Table 3 ) is in good agreement with an event of population growth in the history of the chiru. Furthermore, the mismatch distribution, although not unimodal, is generally in good agreement with a model of population growth (Fig. 2) . Therefore, it can be inferred that population reduction for the chiru most likely was caused by the prevailing glaciations in the Pleistocene, and the subsequent population expansion occurred during the late Pleistocene-Holocene postglacial. The mismatch distribution in Fig. 2 appears ragged, as one would expect in a population that has undergone recent contraction of size, resulting from fragmentation of habitat leading to contraction of the effective size of the mating population. In addition to demographic changes, the multimodal distribution also could be caused by differences in spatial expansion after the last ice age with different rates of gene flow within each population. On the other hand, the large standing genetic diversity of populations suggests that no severe bottleneck was implicated in the recent history of these populations. Although we favor this demographic explanation of the data, departures from strict neutrality anywhere in the mitochondrial genome can produce relatively similar patterns of genetic diversity.
Relationships among populations.-The estimated degrees of gene flow varied significantly among the chiru populations from different localities but were all very high. In terms of genetic relatedness, the closest relationship can be suggested to be between the Xinjiang and Xizang populations followed by those between the Xizang and Qinghai populations, with the Xinjiang and Qinghai populations being the least genetically related. This implies a lack of congruence between genetic divergence and geographic distance.
The chiru prefers to ascend high hills, penetrate mountain ranges, and cross passes to neighboring valleys at elevations of 3,700-5,500 m. No obvious geographic barriers block population exchange on the plateau between the Xinjiang and Qinghai regions. Why then is there a distinct incongruence between genetic and geographic distance? Why is there so frequent an interchange between the Xinjiang and Xizang populations, which is impossible merely by individual migration? Taking into consideration the calving-driven migration for the chiru, we hypothesize that the calving ground may play a key role in the degree of gene exchange. An additional factor may be population expansion from a common ancestral stock.
Field investigations into the migratory population of the chiru have recently been made. Migratory populations in Xinjiang were observed mainly south of Kun Lun Mountain and on the Aksai Chin plains close to Xizang (Schaller et al. 1991). Schaller (1998) observed that the end of 1 migration route for the chiru in Xizang was in proximity to the site of HeiShi Beihu bordering Xinjiang, which was inferred to be a calving ground. Another migratory population from Xizang was observed seasonally entering the southwestern area of Qinghai province for calving (Ginsberg et al. 2000) . In contrast, no evidence of migration and calving grounds near the boundary of Xinjiang and Qinghai provinces have been observed recently. During the course of migration for calving, it is more probable that a number of individual females from the original location translocated (Silvester and Peter 1999), thereby helping to promote gene exchange between populations of different localities. These observations suggest a relationship between the distribution of calving grounds and the degree of gene flow. High levels and distinctions in degree of gene flow were likely caused over time mainly by the distribution of calving grounds. Use of the Tuzi Lake area adjacent to the Chang Tang Reserve is therefore regarded as a way of interchange between Xinjiang and Xizang populations. In this case, we can speculate that there may be no appropriate calving ground in locations between Xinjiang and Qinghai. However, further investigations, especially field observations, are required to provide the necessary confirmation of the leading role that calving grounds play in the promotion of population contact.
CONCLUSIONS
The present study of the mtDNA control region of the chiru shows relatively high genetic diversity in the currently surviving population, with no correspondence with the recent drastic decline in population size. Thus, current genetic diversity likely reflects large ancestral populations, offering hopes for the future preservation of the species. Neutrality tests and mismatch distributions are consistent with a postglacial range expansion (or departures from strict neutrality, or both). Finally, the limited geographic structure and correspondingly high estimates of gene flow among areas, coupled with the incongruence of genetic and geographic distances, indicate strong historical connections between populations. The distribution of suitable calving grounds is regarded as the most significant factor influencing the migration patterns to result in discriminated degrees of genetic exchange among populations. These results also shed further light on the history of the complicated ecosystem of the Tibetan plateau, which was glaciated in the Pleistocene. Efficient measures should be taken to retain the migratory structure, including contacts or gene flow between the Xinjiang and Qinghai populations. 
